Reference Standard Dosimeters are used to calibrate radiation environments and routine dosimeters. It can also be used in routine dosimetry applications for radiation processing where higher quality dosimetry measurements are required. Electron Spin Resonance (ESR) is a well-established Reference Standard Dosimetry system in industrial applications of ionising radiation, and its use is also proposed in radiation therapy and accident dosimetry. In the present experimental work, PGA solid state dosimeter (SSD) has been investigated using ESR spectroscopy to study the gamma radiation response of this material and to evaluate its dosimetric characteristics: dose response, room temperature fading, heat treatment effect during post-irradiation storage. Results obtained up to now confirm that PGA seems to be suitable material for ESR dosimetry applications.
Introduction
The ionizing radiation produces electron-hole pairs which individually become trapped at various defect sites (radicalic species) in the polymer structure. The commonly standard spectroscopic technique used for the characterisation of radicalic species, their stabilities and decay kinetics is Electron Paramagnetic Resonance (EPR), also known as Electron Spin Resonance (ESR).
Semiconductors and polymers are examples of materials that have been studied by ESR spectroscopy through the detection of paramagnetic species [1] [2] [3] . It has therefore been the main experimental technique in understanding the effect of ionizing radiation on polymers.
Radiation-induced radicals in certain material may be suitable for some applications in radiation processing dosimetry, it provided that radicals having long-term stability can be used in the establishment of relations between radiation dose and radical concentration.
The more used material in Dosimetric applications for ESR dosimetry is the alanine [4] [5] [6] due to its good dosimetric properties, such as sensitivity, stability of the ESR signal with time [6] . Despite the alanine is accepted as reference standard dosimeter by International Atomic Energy Agency (IAEA), its sensitivity is not high for low doses and it has a very high cost. Therefore there are many attempts to characterize a new Reference Standard Dosimeters with better radiation sensitivity to substitute alanine [4, [7] [8] [9] [10] [11] . The new material should have a stable radical per radiation energy; a sharp linewidth and thermal stability at room temperature. One of these new materials already studied by X-Band ESR measurements is Poly Glycolic Acid (PGA) used for many years in medical and surgical applications [12] [13] [14] [15] . The molecular structure of PGA and the free radicals formed by its interaction with radiation are shown in Figure 1 . The free radical produced by radiation in PGA which is predominant at room temperature is the molecular species -CH˚-COO-Radical I [12] . In ESR Spectrum it's traduced by a doublet signal (Figure 2 ) and it is formed by Hydrogen abstraction from a Methylene group located adjacent to Carbonyl group in the polymer backbone [12] . At room Temperature there is essentially no contribution to the spectrum from radicals II and III.
One of the goals of the present work was to analyze the response of PGA dosimeter for possible application as Reference Standard Dosimeter using ESR technique to ensure quality of high and low dose dosimetry applications.
PGA dosimeter has a good sensitivity for low doses, a wide useful dose range and it does not require special preparation. The main difficulty presented by PGA dosimeter is the undesirable strong initial fading. Many authors overcame this problem (case of other dosimetry system) by taking measurements at the most adequate time intervals after irradiation [16, 17] . In order to solve this problem in our work, the PGA dosimeters was submitted to different post-irradiation thermal treatments from 60˚C up to 140˚C and the effect of these treatments on the fading behaviour of the dosimeters was studied up to 45 days after irradiation at room temperature.
Experimental

Poly Glycolic Acid (PGA) Polymer
Poly Glycolic Acid was obtained from Boehringer Ingelheim of Germany. The characteristics of the materials, according to the supplier, are given in Table 1 .
Irradiation
The irradiations have been performed in air at the Tunisian semi-industrial 60 Co gamma-irradiation facility [18] . The dose rate was established with the alanine/EPR dosimetry system in term of absorbed dose traceable to the National Physical Laboratory, UK. Before the experiment the dose rate was verified by the standard Fricke dosimeter. Three dosimeters were irradiated for each point of measurement. 
Basic of ESR Technique
The direct detection of paramagnetic species consisting of one or more unpaired electrons in complex samples is ensured by Electron Spin Resonance (ESR) which is the standard spectroscopic technique. The basic principles of ESR consist on the interaction of electromagnetic radiation with magnetic moments caused by electrons (ESR). The magnetic moment of an unpaired electron arises from its "spin" and when placed within an external magnetic field, the electron spin will align parallel or antiparallel in the direction of the magnetic field, which corresponds to a lower (Ms = -1/2) or an upper (Ms = 1/2) energy state. If electromagnetic radiation corresponding to the energy difference applied to the sample, resonance transition is possible between the lower and the upper energy states [19] . The energy difference (∆E) between these two states is proportional to the strength of the applied magnetic field (B 0 ):
where h is Planck's constant, ν is the frequency of the electromagnetic radiation, g is a constant termed g factor (g = 2.0023 for an unpaired electron), and μ B is the Bohr magneton.
The commonly used ESR frequency in Standard Reference Dosimetry application is in the microwave range at 10 GHz (X-band). 
ESR Measurement
EPR measurements at 9.837 GHz (X-band) were performed at 25˚C using an EMX Bruker spectrometer. The microwave power used, 316 mW, were determined by considering the saturation properties of PGA EPR lines at 25˚C. The Sample were accommodated in quartz sample tubes and kept up from the bottom. The different EPR spectra presented in this paper have been normalized to the same receiver gain ( 10 3 ) and sample weight (mg) in order to get quantitative comparison of the EPR lines intensities between the different samples. All dosimeters were fixed in the cavity center and flat ones were oriented to lie in the cavity nodal plane. In the present work, it is thus very difficult to compare theses spectra to determine the absolute number of radical spins. Then, in this study, we will only use arbitrary units (arb.u.) to analyze the evolution of Radical concentration in PGA Polymer content as a function of the integrated dose.
Determination of Keys ESR Parameters
The PGA dosimeter was fixed in the cavity and measured 30 min after switching on the ESR spectrometer. Every spectrum was recorded in about 61 s and delay time was 300 s. Microwave power, modulation amplitude, time constant, conversion time and modulation frequency were also studied, but are not shown here in detail. The operating EPR parameters were set as following: center magnetic field 351.5 mT, sweep width 5 mT, microwave power 316 mW, modulation amplitude 1G, modulation frequency 100 kHz, time constant 163.84 ms and conversion time 60 ms.
Results
ESR Spectra of γ-Irradiated PGA
Before gamma-irradiation, the PGA used in this study has small signal at about 348 mT which can be related to impurity in PGA matrix. The X-Band ESR spectra were subsequently recorded at R.T. (Room Temperature, 25˚C). The resulting ESR spectrum of PGA sample after exposure to 25 kGy is shown in Figure 2 . All PGA samples, regardless of radiation dose produced similar EPR spectra varying only in the intensity of the observed signals.
The radiolytic degradation mechanism of PGA and it's copolymers due to irradiation of samples has been investigated previously [12, [20] [21] [22] ] and it's well known that chain scission processes dominate at low temperature. This results in a wide range of relative primary and secondary radical species which are visible by ESR. However at elevated temperatures (R.T.), as in ambient conditions studied here, Hydrogen abstraction reaction by the primary radicals occurs extensively at secondary C-H bonds on the polymer backbone. This produces a narrower range of relatively stable radicals, such as -CH˚-COO-which is visible at ambient temperature (25˚C) [12] .
Dose Response Curve
In order to find out the useful dose range for this Polymer, the response curve (specific higher Peak to Peak (Hpp) versus dose) was measured in the dose range 0.1 -200 kGy (Figure 3) . All data for the dose response curve were immediately acquired after irradiation. As expected in (Figure 3 (Figure 3) . At higher doses the specific Hpp continued to grow slowly up to 200 kGy which was the upper dose level of the present experiments. The PGA response had not yet reached saturation at this dose level. There was linear growth of the Hpp as function of the dose because at room temperature only one radical contribute to the ESR spectrum which is formed by hydrogen abstraction (Figure 1 ) RI -CH˚-COO- [12] . In the dose range 0.1 to 10 kGy there was also linear growth of the Hpp as function of the dose see (Inset Curve).
Post-Irradiation Stability
As a Reference Standard Dosimetry system, the response of PGA/ESR dosimetry system should have a good stability after irradiation because in addition of its use in calibration of radiation environment and routine dosime- ters it can be used as a Transfer Standard Dosimeter for transferring dose information from an accredited or national standards laboratory to an irradiation facility in order to establish traceability for that calibration facility. Hence the time stability of the radiation-induced radical is an important aspect in radiation dose measurement by ESR spectroscopy.
In our work the main difficulty presented by PGA dosimeter is the undesirable strong initial fading. In order to solve these problem PGA dosimeters were submitted to different post-irradiation thermal treatments from 60˚C up to 140˚C and the effect of these treatments on the fading behaviour of the dosimeters was studied up to 45 days after irradiation at room temperature.
Radical Concentration Fading at Room
Temperature In order to examine the stability of radical, three replicate samples PGA were irradiated with 60 Co gamma rays to 25 kGy. After irradiation PGA samples were stored at room Conditions: 25˚C, 40% -60% RH (Relative Humidity). The resulting radical concentration was then followed up to 60 days via ESR technique.
The result concerning long-term room temperature variation in signal intensity was given in Figure 4 . The signal intensity was found to be non stable at room temperature in the range of storage time. A function was used to fit signal intensity decay as shown in Figure 4 . The coefficient of correlation (R 2 ) was 0.999. The stability of radiation-induced radical at room temperature was mainly controlled by the fading process. This fading process seems to follow a simple first-order kinetic. 
where k (0.096) is the first order decay rate constant. 
Effect of Post-Irradiation Heat Treatments on Radical Concentration Fading
To get more insight in to the decay process of the free radical species, the effect of post-irradiation heat treatments on the PGA response fading was investigated. Six PGA samples were irradiated to a dose of 25 kGy and immediately annealed at six different temperatures (R.T., 60˚C, 80˚C, 100˚C, 120˚C and 140˚C) for predetermined times (35 min), which was found to be the best heat treatment time. All ESR spectra are recorded at room temperature after cooling the samples to room temperature for predetermined times (1, 2, 5, 10, 15, 30, 45  days) .
The radical concentration values were normalized to the first measurements taken 5 min after the heat treatments. The results are presented in Figure 5 .
For each storage temperature, first-order kinetics model is used to fit the fading of the experimental data. The results show a remarkably difference between fading behaviour of PGA samples treated at various thermal treatments. Theoretical decreases in signal intensity calculated using the rate constant values determined after the fitting procedure were also given in Figure 5 (dashed lines) with their experimental counterparts. As it can be seen from this figure, the decreasing calculated and experimental decay data agree fairly well.
Post-irradiation heat treatments led to fast fading by accelerating the recombination of defects and the impurities diffusing into the PGA matrix. As it is expected (Figure 5) , the lower temperature at the same annealing time correspond to the faster decays of the signal intensity.
The standard deviation (std) of PGA dosimeters response measurements is about 0.5% (1σ) within the first day after irradiation and heating at 140˚C for 35 min and about 3% -4% between the first and the 45th days. Ac- This procedure is very effective for the removal of unstable entities responsible for the strong fading and it did not affect the metrological properties (reproducibility and useful dose range) of the PGA dosimeter.
The decay behaviours at the higher temperatures have been attributed to the semicrystalline nature of PGA, which will influence the mobility of the polymer chains, particularly in the crystalline and crystalline amorphous boundary regions [12] . The fact that most of the radicals formed in PGA decay well below the melting temperature of the crystallites suggests that they are formed in the amorphous regions of the polymer.
First-Order Kinetic Behaviour of PGA Dosimeter
Signal intensity calculated by second integral of any ESR spectrum is related to the radical populations in the sample and decrease at high temperatures due to the radical recombination transform to non-paramagnetic units. In this case, studying the variation of signal intensity above room temperature would be interesting from kinetic point of view of the free radical species in gamma-irradiated PGA.
Clearly, in Figure 5 , it can be seen that radiation induced radical concentration (Hpp) is decreasing with time. The curve is much steeper at the beginning and as time progresses; the curve approaches a horizontal line. Thus, this graph evidently shows that the rate is dependent on how much radical concentration is left. How much does the rate depend on the species concentration? To answer this question, we need to find a linear plot and work with the integrated form of the rate law:
In the above equations (Hpp 0 ) is the initial concentration, (Hpp) equals the concentration at time (t) and (k) is the first order constant. Plotting ln[Hpp] against time creates a linear plot up to a conversion of about 90% with slope -k. As expected from Figure 6 , a linear relationship is achieved between the natural log of radiation induced radical concentration (Hpp) and storage time (t) for each annealing temperature. According to the plot of ln[A] versus time, one can see that the induced radical concentration (Hpp) fading process, seems to follow a simple first-order kinetic.
Fading Constant Rate Evaluation
The first-order kinetics fading rate constants (k) were calculated for each storage temperature to fit the strong fading of the experimental data. The results show that the fading behaviour of the PGA samples is remarkably different for the various thermal treatments.
The observations indicate that the post irradiation heating (140˚C for 35 min) of the PGA samples correspond to the lower constant rate (k) ( Table 2) , witch can traduced by a reducing in the radiation-induced radical concentration (Hpp), and an acceleration in the recombination of the entities responsible for the strong fading ( Figure 5) .
Consequently, the most suitable heating is (140˚C for 35 min); it can provide a good stability in radiation-induced radical concentration (3% -4% for 1σ) between the first and the 45th days. The evaluation of the PGA dosimeter can be performed immediately after irradiation and heat treatment.
Effect of Post-Irradiation Heat Treatments on Radical Concentration
In order to establish the useful temperature range of heat treatment and to preserve a detectable radiation induced radical response, the radical concentration was plotted against annealing temperature. As exposed in Figure 7 . The percentage loss in the to- tal concentration of radicals on annealing to a temperature of 80˚C was approximately 10%, while annealing to 140˚C caused a reduction of the radical concentration by approximately 70%. The annealing experiments also revealed that 3% of the radicals remained at a temperature of 60˚C.
According to Figure 7 data, 140˚C is a limit temperature which can not be exceeded caring the disappearance of irradiation induced radical ESR response and respecting the milting point at 225˚C, in which major modification in PGA structure may be uncounted.
Conclusions
A Poly Glycolic Acid (PGA) Polymer has been investigated with ESR technique in order to evaluate this potential as radiation-sensitive material for dose measurements. The response curve was measured in the dose range 0.1 kGy -200 kGy. The results demonstrated that the influence of post-irradiation storage on the ESR/PGA response might be very significant. The heating at 140˚C for 35 minutes was found to be the most suitable procedure to stabilize the response of irradiated PGA dosimeter.
The linearity of dose response curve and high stability of the radiation-induced radical species in γ-irradiated PGA, it was concluded that PGA presents wanted characteristics of a good dosimetric material and it has the potential to be used as a Reference and/or Transfer Standard Dosimetry System particularly for 60 Co γ-ray. 
